In order to reduce the underwater electric field generated by corrosion of ship, a boundary element method (BEM) combined with nonlinear polarization curve was employed to investigate the influence of output current of compensate anode in an electric field protection system on underwater electric field. Moreover, the BEM model was verified by physical scale modeling (PSM). The distribution characteristic of electric field and the variation trend of electric field with compensate current obtained by simulation are consistent with the experimental results. Moreover, the errors of peak-to-peak value of electric field obtained by experiment and simulation are within 20%. Compared with 0 mA compensation current, the peak-to-peak values of X component, Y component, Z component, and modulus are reduced by 52%, 70%, 72%, and 62% respectively when compensation current is 40 mA. The phenomenon of over-compensation will occur if compensation current is greater than 40 mA.
INTRODUCTION
Severe corrosion occurs in ship hull owing to corrosive seawater, and then corrosion electric field is generated near the hull when corrosion current flows through conductive seawater [1, 2] . With the continuous development of underwater electric field detection technology, corrosion electric field has become the signal source of new mine warfare weapon attack on ships [3] . The effects of conductivity, flow rate, depth of seawater, and other marine environmental factors on the distribution of corrosion electric field were studied [4] [5] [6] . Furthermore, the corrosion electric field of ship was simulated by equivalent electric dipole, and the electromagnetic field generated by horizontal and vertical electric dipoles in stratified media was analyzed [7] [8] [9] . In order to improve the survivability of naval vessels, it is necessary to suppress or eliminate the corrosion electric field of ship. Based on the idea of ship degaussing, offsetting the corrosion electric field by installing an electric field protection system on ship hull and the direction of compensation current is opposite to corrosion current in seawater [10] .
Boundary element method and physical scale modeling are the main methods to investigate the design of ship cathodic protection and the distribution of underwater electric field [11] . The former is a method based on the weighted residual method, which converts the boundary value problem into a boundary integral equation problem and then uses the finite element discrete technique to construct linear equations [12] . BEM was first applied to anticorrosion research of offshore engineering structures in early 1980s [13] . Nowadays, it has been widely used in the simulation of cathodic protection system optimization of various marine structural parts such as oil rigs, submarine pipelines, and ships [14] [15] [16] [17] . PSM [18] is based on scaling physical quantities such as ship's dimension and ocean environment parameters according to a certain proportion, and surface potential and underwater electric field distribution of ship are analyzed by experimental means, which has the advantages of replicating the complex geometry of ship, the same electrochemical corrosion characteristics of material as that of ship, saving time, and reducing cost, and has been applied in the design of naval ship cathodic protection in the United States, Britain, and other countries [11, 18] .
Compensation current has a significant effect on underwater electric field; therefore, how to choose the appropriate compensation current is a problem that needs to be solved before the electric field protection system is installed. In this paper, the 3-DBEM was employed to establish a corrosion electrostatic field model of ship, and the nonlinear polarization curve measured by the experiment was taken as boundary condition of the model. The effect of compensation current on underwater electric field of ship was studied. Furthermore, the BEM model was verified by the PSM. The influence law of compensation current on underwater electric field and the optimal compensation current were obtained. The simulation results are in good agreement with the experimental measurement, indicating that the corrosion electric field boundary element model can effectively predict the distribution characteristic of underwater electric field of ship.
BOUNDARY ELEMENT METHOD

Fundamental Theory
The governing equation and boundary conditions for three-dimensional corrosion electric field are shown in Fig. 1 . The homogeneous seawater medium is represented by Ω, and its boundary is composed of S 1 , S 2 , S 3a , and S 3c in the picture. The potential distribution of seawater domain and electrode surface is in accordance with the following Laplace equation and boundary conditions [19] : 
Numerical Simulation Model
The scaled geometric model of ship in a Cartesian coordinate system was established by using Solidworks. We assume that the coating breakdown factor of hull is 2%, and hull presents a uniform corrosion. Moreover, the impressed current cathodic protection system is closed, and two electric field compensation anodes are distributed near the propeller. The boundary element model of corrosion electrostatic field for ship was established by current distribution (boundary element) interface in the COMSOL Multiphysics. Propeller was treated as bare metal immersed in the NaCl solution, while hull was coated by the organic coating with coating breakdown factor of 2%. The solution domain and boundary conditions of the model were set as follows: (1) the infinite space was NaCl solution, and the conductivity was 4 S/m (corresponding to 3.5% NaCl solution); (2) the nonlinear polarization curve of B10 was set as the boundary condition of propeller; (3) the nonlinear polarization curve of 921A multiplied by coating breakdown factor was set as the boundary condition of hull; (4) the compensation anode is constant current boundary. The distributions of corrosion electrostatic field for different compensation currents are solved by using parametric scanning in COMSOL, and current was scanned from 0 mA to 60 mA with an interval of 10 mA. The BiCGStab iterative solver is used to solve the model. In order to be consistent with the experimental observation path, the path with point (−8, 0.3, −0.3) m and (8, 0.3, −0.3) m as endpoint in the vicinity of ship is selected as the observation object.
Potentiodynamic Polarization Curves
High strength low alloy 921A steel was used for the hull and rudder, and chemical composition (mass fraction, %) is as follows: C = 0.07 ∼ 0.14; Si = 0.17 ∼ 0.37; Mn = 0.30 ∼ 0.60; S ≤ 0.015; P ≤ 0.020; Ni = 2.60 ∼ 3.00; Cr = 0.90 ∼ 1.20; Mo = 0.20 ∼ 0.27; V = 0.04 ∼ 0.10 and a Fe balance. The chemical composition of B10 copper alloy with good corrosion resistance used for the propeller is as follows (mass fraction, %): Ni = 10.02; Fe = 1.54; Mn = 0.10; P < 0.02; S < 0.02; Zn = 0.13; Pb < 0.2 and a Cu balance.
The potentiodynamic polarization curves of 921A and B10 were measured on electrochemical workstation using a three-electrode system, and the medium was NaCl solution with conductivity of 4 S/m. The working electrode was encapsulated by epoxy resin, and the sample is a cylinder with a diameter of 1.1 cm and a height of 1 cm, so the exposed area of metal is 1.0 cm 2 . Before the tests, the specimens were abraded with wet SiC paper (initially 220, 600 and 1000 grades), rinsed with acetone and ethanol, and finally dried with pure nitrogen gas [6] . The reference electrode was an Ag/AgCl electrode, and the counter electrode was a platinum plate electrode with an area of 2 cm 2 . The working electrode was immersed in the solution for a period of time until the open circuit potential was stabilized and then started to test. Potential was scanned from −1.1 V to 0 V, and the scanning rate is 1.0 mV/s. The polarization curves are shown in Fig. 2 , and it can be seen from the figure that the open circuit potentials of 921A and B10 are −0.68 V and −0.28 V, respectively. In practice, the hull and rudder are covered with coating; therefore, the curve obtained by multiplying current density in polarization curve of 921A by coating breakdown factor (2%) is set as the boundary condition of hull immersion zone, while the propeller is exposed to seawater, so the polarization curve of B10 is set as the boundary condition of propeller directly, and the compensation anode is set as constant current boundary.
PHYSICAL SCALE MODELING
Experimental Condition
The experimental pool has a size of 20 × 8 × 2 m and a water depth of 1 m. The inner walls of pool are made of resin-based composite material to reduce the influence of steel corrosion in concrete structure on experimental result, as shown in Fig. 3(a) . Two electric field compensation anodes are arranged in the vicinity of propeller before and after, as shown in Fig. 3(b) , and the output current of compensation anode is controlled by electrochemical workstation. Silver-silver chloride electrodes are used for electric field sensors, which are fixed on the glass fiber reinforced epoxy resin composite structural frame, as shown in Fig. 3(c) , and ten sensors correspond to ten channel interfaces connected to the underwater electric field acquisition system. Fig. 3(d) is a schematic diagram of sensor arrangement, and 0 ∼ 9 are 0 ∼ 9# sensors in the figure. 0 ∼ 8# sensors are divided into three columns, and 9# sensor is used to measure the X component of electric field. The distance between each sensor and the adjacent sensor is 0.2 m, and the distance between the first column and the water surface is 0.3 m. The conductivity of sodium chloride solution simulated seawater was adjusted to 4 S/m. The ship model was immersed in the tank for a period of time until the corrosion electric field was stabilized before starting to test, and it is driven by bridge crane through the sensor to obtain passage curve of electric field, which is used to characterize the corrosion electric field distribution around the ship model.
Calculation Method of Underwater Electric Field
The electric field acquisition system amplifies the actual result by 2000 times when collecting data and filters with a 0.5 Hz low-pass filter. The sensor measures the potential value at its location, and underwater electric field is calculated by the following formula:
The potential difference between two measurement points is divided by the distance between two points to approximate electric field value of the midpoint. Therefore, 6# and 9# sensors make up an electrode pair for measuring X component; 3# and 5# sensors make up an electrode pair for measuring Y component; and 1# and 7# sensors make up an electrode pair for measuring Z component. U 0 ∼ U 9 represent potential values measured by 0 ∼ 9# sensors, respectively, and the calculation formula of three components of electrostatic field is as follows:
RESULTS AND DISCUSSION
Simulation Results of BEM
In order to analyze the effect of compensation current on underwater electric field, a 0.5 m plane below the water surface (the horizontal plane of the second row of sensors) was selected to observe the underwater electric field distributions of ship with different compensation currents. Fig. 4 and Fig. 5 show the distributions of three components and modulus of electric field on the specified plane when compensation currents are 30 mA and 50 mA, respectively. Streamlines and arrows represent the electric field line and current direction, respectively. It can be seen from the figure that the corrosion current generated by ship in the pool flows from the bow to the stern, which is consistent with the electric dipole model of ship: the hull with anodic corrosion reaction is regarded as the positive charge of electric dipole, while the propeller with cathodic reduction reaction is regarded as the negative charge of electric dipole. Underwater electric field on the observation plane changes not only in value, but also in distribution characteristic when compensation current increases from 30 mA to 50 mA. The negative charge center of ship remains unchanged at the propeller, while the positive charge center obviously approaches the propeller, and the equivalent electric dipole moment of ship decreases accordingly, so as to reduce the underwater electric field. The distributions of three components and modulus of electric field are analyzed more intuitively by choosing the observation path. Considering comparison with experimental results, the intersection line of 0.5 m below water surface and 0.3 m from starboard to keel is chosen as the observation path of Y and Z components, while the intersection line of 0.7 m below water surface and 0.1 m from starboard to keel is chosen as the observation path of X component and modulus. Fig. 6 shows that the distribution of electric field varies with compensation current on the specified path. When compensation current is less than 40 mA, the peak value of electric field decreases with the increase of compensation current. When compensation current is greater than 40 mA, the peak value of electric field at stern still decreases, and its position remains unchanged, while the peak value of electric field at bow moves towards stern. With the increase of compensation current, the double peaks of modulus become single peak, and the peak at bow disappears gradually. Moreover, the peak near propeller is gradually replaced by the "anode peak" caused by compensation current, and the "anode peak" is located at position of compensation anode. Figure 7 shows experimental measurement results of electric field distribution with different compensation currents along the specified path. Table 1 shows the comparison between simulated and experimental electric field peak-to-peak values with different compensation currents. It can be seen from Fig. 7 that the distribution characteristics of three components of electric field and the variation trend of electric field with compensation current are consistent with the simulation results. The errors of peak-to-peak values of electric fields obtained by experiment and simulation are within 20%, indicating that the corrosion electric field boundary element model established in this paper can effectively predict the distribution characteristic of underwater electric field of ship. The peak-to-peak value of electric field decreases first and then increases with the increase of compensation current, and it is the smallest when compensation current is 40 mA. Furthermore, the peak-to-peak values of X component, Y component, Z component, and modulus decreased by 52%, 70%, 72%, and 62% respectively compared with no compensation current. The phenomenon of over-compensation will occur if compensation current is greater than 40 mA. 
Experimental Results of PSM
CONCLUSIONS
In this paper, the influence of compensation current on underwater electric field of ship is predicted by 3-DBEM. The simulated results of BEM are compared with the experimental results of PSM. The following conclusions are drawn: the simulation results have a good agreement with the experimental ones, and the error of peak-to-peak value is within 20%, indicating that the BEM can effectively predict the distribution characteristic of underwater electric field of ship; the optimal compensation current is 40 mA, and the peak-to-peak values of X component, Y component, Z component, and modulus decrease by 52%, 70%, 72%, and 62% respectively compared with that before electric field protection; the principle of electric field protection is that compensation current makes the positive charge of equivalent electric dipole approach the negative charge, thereby reducing the equivalent electric dipole moment of ship to decrease underwater electric field.
